The emplacement and tectonic evolution of the Tertiary Vrondou granitoid in the Greek Rhodope has been studied by a combination of field tectonic, microtextural and anisotropy of magnetic susceptibility (AMS) methods. The Vrondou pluton is composed of at least two intrusions: a Mid-Oligocene one at its eastern and an Early Miocene at its western parts. Room for the emplacement in both cases was provided by the opening of an extensional ramp space within a several km thick, mid-crustal subhorizontal shear zone, with a top to the SW sense, active during the Mid-Oligocene to Early Miocene period. The older eastern part of the pluton is much less deformed than the younger western part. Magmatic textures are well preserved in the older intrusion whereas they are scarcely present in the younger one. They indicate a NW-SE direction of magmatic flow in both cases. Sub-solidus plastic deformation affected mostly the younger western part of the pluton and only locally the older eastern one. In both cases mineral lineations trending NE-SW were developed. An increase in the shear rate by the Early Miocene or a localization of shear mainly in the west, in combination with the more silica saturated rock types present there, are probably the reasons for the different deformational behaviour of the two parts of the pluton.
INTRODUCTION
The anisotropy of magnetic susceptibility (AMS) has become a powerful tool for unravelling the emplacement, cooling and deformational history of granitic plutons (e.g. Bouchez et al. 1990 , Trindade et al. 1999 . AMS can detect feeble anisotropies imperceptible in the field, imprinted in the rock either at super-solidus temperatures during the emplacement of partly crystallized magmatic bodies, or shortly after their complete crystallization at sub-solidus yet relatively high temperatures, or even long after their emplacement, crystallization and cooling. Once such magnetic anisotropies and their principal orientations are identified by AMS, re-examination of field exposures and careful study of oriented thin sections or polished slabs may reveal mineral and fabric anisotropies which otherwise could have passed unnoticed. In certain cases AMS can also provide clues as to the mechanism and kinematics responsible for the observed anisotropy.
In this paper we present the results of a combined AMS and microtextural study of the approx. 300 km 2 Vrondou granitic pluton, northern Greece. Vrondou is one of the several Tertiary plutonic bodies that intruded in the metamorphic formations of the Rhodope massif (Fig. 1) .
Petrological aspects of the Tertiary granitic rocks emplaced in the Rhodope can be found in several unpublished Theses (Papadakis 1965 , Christofides 1977 , Sklavounos 1981 , Theodorikas 1982 , Soldatos 1985 , Kyriakopoulos 1987 , Kolokotroni 1992 . General reviews of the Tertiary magmatism in the Rhodope were presented by Jones et al. (1992) and Christofides et al. (2001) .
A lot of work has been done concerning the Tertiary tectonic evolution of the Rhodope (Kronberg 1969, Kronberg et al. 1970 , Burg et al. 1990 , Koukouvelas & Doutsos 1990 , Dinter & Royden 1993 , Dinter 1991 , 1994 , Dimitriadis 1995 , Burg et al. 1995 , Dimitriadis et al. 1998 , Kilias & Mountrakis 1998 , Mposkos 1998 , Soldatos et al. 1998 , Kilias et al. 2002 . This is characterized by the presence of a several km thick mid crustal subhorizontal shear zone with a top to the SW sense of shear, which affected successively the Rhodopian units from top to bottom during Eocene to Oligocene -Miocene times. Southwest sense of movement was associated with greenschist to amphibolite facies metamorphism and syn-extensional granite intrusions during the Oligocene and the Early Miocene. The whole complex was elevated and finally exhumed its core via an extensional unroofing that started by the Middle Miocene and resulted in the opening of the Strymon Valley (Dinter 1991 , 1994 , Dinter & Royden 1993 . The Strymon Valley detachment fault actually bounds the Vrondou pluton from the west (Fig. 1) . Vrondou is a petrologically composite pluton, with granitic, syenitic, granodioritic, monzonitic and quartz monzonitic parts (Fig. 2a) . According to the most recent and reliable radiometric age determinations (Ar-Ar in hornblende and U-Pb in titanite, Kauffman 1995 , Dinter et al. 1995 ) the pluton was formed by at least two distinctive intrusive events separated by several million years. During the earlier one, of Mid-Oligocene age (30 ± 0.4 Ma, Ar-Ar in hornblende) the monzonitic and granodioritic types were emplaced in the eastern part of the composite pluton, whereas during the later, of latest Oligocene to Early Miocene age (23.7 ± 0.1 Ma, U-Pb in titanite) the more silica saturated granitic and quartz monzonitic types were emplaced in its western part. No clear-cut contacts between the crystallized products of these two emplacement events have however been identified in the field.
A subhorizontal planar fabric with top to the SW sense of shear is strongly imprinted in the south-western, younger part of the pluton and has been generally interpreted as due to a "synemplacement" Early Miocene deformation event. This same fabric, less well developed, is however also present, though only locally, at the eastern, older part of the pluton.
It has been proposed (Kolokotroni & Dixon 1991 , Kolokotroni 1992 ) that the Vrondou pluton was emplaced by influx of magma into a flat extensional ramp space, laterally bounded at the last stages of intrusion by a steep dextral wrench shear pair. This model is consistent with the shallow stretching and mineral lineations trending NE-SW, mainly seen in the central and southwestern parts of the pluton. The same authors have also suggested on geochemical evidence that the sequence of intrusions and the movement of a "crystallization front" in Vrondou was from SW to NE. This latter is at variance to the results of the age determinations referred above. A combined AMS and microtextural analysis of the state and spatial distribution of deformation covering both parts of the pluton could help understand the emplacement sequence and the reasons for the observed differences in the deformational behaviour between these two parts. This is the aim of the present study, preliminary results of which have already been presented in Zananiri et al. 2002) .
SAMPLING AND MEASUREMENTS
Drilled cores and oriented hand samples were collected at 40 sites (Fig. 2b) . Sampling was restricted only in areas exposing fresh rock; due to its deep weathering most of the central part of the pluton was for this reason left out.
Both AMS and palaeomagnetic measurements were performed on the collected samples. Thermomagnetic analyses and isothermal remanent magnetization (IRM) measurements were carried out to investigate the magnetic mineralogy. Microscopic examination of oriented thin sections helped characterizing the microstructures. All these data were combined with field structural data. 
MAGNETIC MINERALOGY
Palaeomagnetic and rock magnetic experiments were performed at the Palaeomagnetic Laboratory of the Aristotle University of Thessaloniki. Representative thermomagnetic curves (Fig. 3a, b) show that the magnetic susceptibility K decreases to zero at 580ºC, the Curie temperature typical of magnetite. Stepwise acquisition of the IRM indicates that more than 80% of saturation is reached at fields lower than 200 mT (Fig. 3c,d ,e). Thus, magnetite as the main magnetic carrier can be assumed, along with the presence of small amounts of hematite. The Lowrie-Fuller (1971) and Cisowski (1981) tests suggest that the remanence carrier is mostly multi-domain magnetite. Magnetite as the prevailing magnetic phase is also verified by thermal and AF-demagnetization experiments. Combining the results of the thermomagnetic curves and the Lowrie-Fuller tests we can assume that we have a mixture of coarse-and fine-grained magnetites.
ANISOTROPY OF MAGNETIC SUSCEPTIBILITY
The anisotropy of the magnetic susceptibility was measured with the Kappabridge KLY-2 and KLY-3 apparatuses at the Palaeomagnetic Laboratories of the Universities of Plymouth (UK), Sofia (Bulgaria) and Turin (Italy). A few samples were measured at all three laboratories to ensure accuracy and compatibility of the data sets. Each AMS measurement yields the magnitudes of the three principal orthogonal axes of the AMS ellipsoid (K1≥K2≥K3), and their declinations and inclinations with respect to the geographical frame. The bulk magnetic susceptibility magnitude is given by Km =
, and the shape parameter of Jelinek (1981) T = (lnF -lnL) / (lnF + lnL), where F = K2/K3 and L = K1/K2, were also calculated. Table 1 gives averages of the AMS data at each of the 40 sites.
Scalar AMS data
The measured scalar AMS parameters vary significantly throughout the examined parts of the pluton, but the western and eastern Vrondou have clearly different behaviours. In western Vrondou susceptibility ranges from 1.120×10 -3 to 48×10 -3 SI, with a unimodal distribution and a frequency peak around 10×10 -3 SI (Fig. 4a,b) . Eastern Vrondou on the other hand exhibits much lower mean susceptibilities, ranging from 0.255×10 -3 to 36.020×10 -3 SI, with a bimodal distribution, the major peak being at very low values (<10 -3 SI) and the other at intermediate values (~10×10 -3 SI). Note that the main peaks of the two distributions differ by one order of magnitude.
Examining the magnetic susceptibility (K) versus the anisotropy degree (P') ( Fig. 4c,d ) other differences between the two areas become evident. In western Vrondou the anisotropy degree is high, ranging from 13 to 55%, with a mean value of 37%. A linear correlation is observed between K and P', as is usually the case for magnetite-bearing plutons (Bouchez 1997) . In the eastern Vrondou the anisotropy ranges between 5 and 56%, but anisotropies higher than 30% are present only in 3 sites, with a mean at 18%. The P' versus K plot does not show any correlation between the two parameters.
As to the shape of the AMS ellipsoid (Fig. 4e,f) , in western Vrondou the T values range from -0.191 to 0.881, with a mean at 0.350, indicating that oblate ellipsoids prevail. The T versus P' plot points to the lack of prolate-shaped ellipsoids. Noteworthy is the trajectory of T with increasing anisotropy degree. The dashed line in figure 5e first follows a curve of regression and then changes to a steep increase, approaching the shape of a parabola. Similar paths have been referred by Borradaile & Henry (1997) for sedimentary strained rocks, where the Jelinek plot showed the general trend of the AMS ellipsoid during deformation. In eastern Vrondou the picture is totally different. The shape parameter T ranges widely from -0.737 to 0.874, and in the T(P') plot two distinct concentrations are present; one in the positive T -low P' domain with a mean value of 0.415, and the other in the negative T -high P' domain with a mean of -0.200. Hence, with increasing anisotropy the AMS ellipsoid changes from oblate to prolate. These very different T(P') trajectories point to different deformation paths for the western and eastern parts of the pluton. 
Magnetic fabric
The magnetic fabrics throughout the studied parts of the Vrondou pluton are well defined, allowing thus reliable interpretations. The prevailing magnetic lineation (K1) in the strongly deformed western part of the pluton is subhorizontal and trends NE-SW (Fig. 5a ) parallel to the mylonitic mineral lineation of these rocks. However, at a few sites magnetic lineations trending NW-SE were recorded. These are related with rocks preserving magmatic textures. By contrast, the prevailing magnetic lineation in the almost undeformed, eastern part of the pluton is also close to horizontal but trends NW-SE (Fig. 5a ). However, a few sites yield NE-SW magnetic lineations and these are related with rocks bearing indications of post-crystallization deformation. The above differences between the eastern and the western parts of the pluton may be attributed to their different responses under the same stress field.
Both in eastern and western Vrondou K3 axes are mostly subvertical, defining subhorizontal foliation planes (Fig 5b) . The few sites that exhibit steep K1-K2 planes are close to the borders of the pluton and may be related either to magmatic flow close to steep bordering "walls", or to marginal deflections of originally subhorizontal foliation planes during the exhumation stage. 
MICROTEXTURES
In most of the of the pluton, where granodiorite and monzonite prevail, the rocks appear macroscopically isotropic. However, it is in these parts that AMS measurements record the NW-SE trending magnetic anisotropy. This direction does not match any tectonic fabric known anywhere in the Rhodope, which constantly presents only NE-SW stretching lineations. For this reason we re-examined outcrops of these rocks and studied oriented samples cut parallel and normal to the NW-SE direction. What we found macroscopically is that platy microgranular enclaves of cm to dm scales, although dipping at various angles, are constantly subparallel to the NW-SE direction. In a few cases a faint NW-SE trending lineation was also visible in the field.
Under the microscope, even the most isotropic looking rocks with typical magmatic textures and no indication of solid state deformational reworking apart from incipient undulose extinction in quartz (Plate I a,b), reveal a plagioclase orientation anisotropy. Most of the platy plagioclase crystals have their long axes parallel to the NW-SE direction (Plate Ic). In the same rocks a rather well defined NW-SE orientation of "strings" of magnetite crystals, and to some extent of hornblende, can be seen (Plate Id). All the above lead us to suggest that the NW-SE directed fabric is of magmatic origin and has been clearly recorded by AMS. A NW-SE directed "magmatic movement" can be deduced, although this was apparently more complicated than a simple laminar flow. In the same eastern part of the pluton there are places where the rocks show indications of plastic deformation, with a NE-SW trending mineral lineation on flat subhorizontal shearing surfaces. Under the microscope the solid state plastic reworking of the rock is testified by the dynamic recrystallization of quartz which turns into mosaic multigrains (Plate Ie), by broken and annealed feldspar megacrysts (Plate If) and by a new NE-SW alignment of smaller plagioclase crystals, femics and opaques. True mylonitic fabrics however are lacking.
In the western part of the pluton (Early Miocene in age) large tracts of quartz monzonite and granite, the most common types there, have been pervasively deformed by a top to the SW shear, which resulted in NE-SW trending mineral lineations. Original magmatic textures have been generally overprinted by solid-state plastic deformation, which in a few cases continued until reaching semi-brittle conditions. Dynamic recrystallization of quartz, development of deformational twins in plagioclase, "mechanical abrasion" of feldspar crystals and "flow" of a microgranular quartz matrix round them are very common features in these mylonitized rocks (Plate I g,h). The magnetic lineation in these rocks matches perfectly the observed tectonic fabric.
The few sites in the western part of the pluton where magnetic lineations deviate significantly from the regional NE-SW trend, turning towards the NW-SE direction, correspond to rocks that apparently escaped intense sub-solidus reworking by the NE-SW trending shearing. In these rocks, apart from local dynamic recrystallization of quartz, recrystallized dislocations in feldspars and for-mation of some streams of microgranular quartz matrix (Plate I i,j,k,l), the original magmatic texture has not changed much and no new mineral alignments were developed. It is therefore very likely that the magnetic anisotropy in these rocks also records to a large degree the original magmatic flow orientation, which we believe was also NW-SE oriented, as was in eastern Vrondou.
DISCUSSION AND CONCLUSIONS
In both parts of the Vrondou pluton, but especially in the older (Mid-Oligocene) eastern part, an original magmatic fabric indicates that magmatic flow was NW-SE oriented, though no specific direction of flow can be deduced. Also in both parts of the pluton, but especially in the younger (Early Miocene) western part, a regional NE-SW oriented subhorizontal shear, with top to the SW sense, overprints the original magmatic texture, developing a NE-SW oriented mineral lineation. AMS measurements have detected the original magmatic and the sub-solidus tectonic fabrics in both parts of the pluton.
Two questions arise from the above: a. is it significant that the direction of magmatic flow appears to be nearly normal to the shear direction in both the Mid-Oligocene and the Early Miocene intrusions? b. why has NE-SW shear affected more intensely the western, younger part of the pluton than the eastern, older part of it? Likely answers to the above questions will be given in the discussion that follows on the emplacement mechanism of the Vrondou pluton. The emplacement model we present is inspired from one already proposed by Kolokotroni & Dixon (1991) and Kolokotroni (1992) . Following these authors we envisage a subhorizontal extensional ramp space at mid crustal levels (Fig. 6) formed by the regional top to the SW shear movement in the Rhodope, active during the Mid Oligocene to Early Miocene period. A box-like extensional ramp space was incrementally widening and was simultaneously being filled with batches of magma generated at deeper levels. Free space for the influx of magma within the extensional ramp was provided by the southwestward movement of its frontal edge in relation to its back edge, and this may have been accommodated by strike-slip movements on two subvertical shear zones bounding the ramp space from NW and SE. According to Kolokotroni & Dixon (1991) and Kolokotroni (1992) a subvertical shear zone at the southwestern border of the pluton was active during the latest stage of extension when conditions changed from ductile to brittle. Such structures may however be the last traces of earlier, longer lasted subvertical ductile shear zones, of which little evidence may have been left, especially after their possible function as bordering walls during the pluton exhumation. If such steep, deep reaching shear zones did actually bound the extensional ramp space, then could have also acted as paths for the ascending magma, which was therefore entering from the NW or SE the gradually developing ramp space and was filling it by steaming along a NW-SE direction. Early magmatic intrusions were attached to the back edge of the ramp space, while new space was developing in its frontal edge.
The stronger imprint of the NE-SW shearing in the Early Miocene rocks in the west, as compared to the Mid Oligocene ones in the east, may be the result of any, or of a combination of the following three, not mutually exclusive factors.The first is that the rate of regional shear movement may have been higher by Early Miocene in relation to the Mid Oligocene; therefore, the more deformable hotter rock in the west took most of the strain, whereas the colder rock in the east was left with only the feeble deformation imposed on it shortly after its emplacement in the Mid Oligocene. The second is that the younger rocks in the west were more deformable due to their high quartz and biotite content in relation to the less silica saturated, hornblende bearing older rock types in the east. The third is that the initial stages of activation of the Strymon detachment may have especially affected the western parts of the pluton in addition to the deformation imposed by the regional Mid Tertiary shearing. The Strymon detachment, a clearly Neogene brittle structure, bounds the Vrondou pluton from the west and is related (it was actually responsible for) the starting of its exhumation. The direction and sense of movement of this detachment are the same with the mid Tertiary regional shearing. It may be that the initiation of the Strymon detachment was actually the gradual localization of the thick mid Tertiary subhorizontal shear zone into a much thinner zone within it, before ending up at a single brittle detachment surface. This localization probably started before the Middle Miocene, since by that time sediments were deposited in extensional basins already opened by the Strymon detachment (Dinter & Royden 1993) . The restriction of shear movement near the western margin of the Vrondou pluton by the Early to Middle Miocene may have strongly affected its western parts as long as they were still hot.
